Mechanistic associations between obesity and colorectal cancer remain unclear. In this study, we investigated whether adipokines are risk factors for colorectal cancer and whether they may mediate its association with obesity. In a case-cohort study nested within the Women's Health Initiative cohort of postmenopausal women, baseline plasma samples from 457 colorectal cancer cases and 841 subcohort subjects were assayed for seven adipokines -adiponectin, leptin, plasminogen activator inhibitor-1 (PAI-1), resistin, hepatocyte growth factor (HGF), interleukin-6 (IL-6) and tumor necrosis factor (TNF)-α. Serum insulin and estradiol values measured previously were also available for data analysis. After adjusting for age, race, smoking, colonoscopy history and estrogen level, a low level of anti-inflammatory adiponectin and high levels of proinflammatory leptin, PAI-1, and IL-6 were associated with increased colorectal cancer risk, though only leptin remained significant after further adjustment for insulin [hazard ratios comparing extreme quartiles (HR Q4-Q1 ) = 1.84, 95% CI = 1.17-2.90]. Mediation analyses showed that leptin and insulin partially explained the association between waist circumference and colorectal cancer and attenuated it by 25% and 37%, respectively, with insulin being a significant mediator (p = 0.041). Our findings support the conclusion that adipokines involved in inflammation are associated with colorectal cancer risk, but that their effects may be mediated mostly by insulin, with leptin exerting an independent effect. Hyperinsulinemia and hyperleptinemia may therefore partially explain the adiposity association with colorectal cancer in postmenopausal women.
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Obesity, particularly central obesity, is a risk factor for colorectal cancer (1) . A meta-analysis found a relative risk of 1.45 for the association between colorectal cancer and a relatively large waist circumference (2) . Several mechanisms have been proposed to explain the obesity association with colorectal cancer (3, 4) . Firstly, obesity leads to insulin resistance and hyperinsulinemia, and insulin levels are positively associated with colorectal cancer risk (5) (6) (7) . Secondly, adipose tissue secretes a variety of adipokines, and some of them are potent proinflammatory cytokines, such as interleukin (IL)-6 and tumor necrosis factor (TNF)-α, which could promote tumor initiation and progression (8) .
Indeed, colorectal cancer is an inflammation-associated disease -elevated risk is seen among individuals with inflammatory bowel disease or a high level of the inflammation marker C-reactive protein (9, 10) . Thirdly, other adipokines produced by adipose tissue, such as leptin and adiponectin, have bioactivities affecting tumorigenesis, and some of these adipokines also play a critical role in regulating inflammation and insulin sensitivity (11) . Although adipose tissue is the primary site for estrogen production after menopause (12) , the role of endogenous estrogen in colorectal carcinogenesis and whether it provides a link between obesity with colorectal cancer risk are unclear. This is because postmenopausal hormone therapy use reduces the risk of colorectal cancer (13) ; normal colonic epithelial cells only express estrogen receptor β, which may have an anti-proliferative effect (14) ; two prospective studies so far found inconsistent associations between estradiol and colorectal cancer risk (6, 15) ; more importantly, one of these prospective studies conducted in the same study population described in this report here showed that estradiol and obesity were independently associated with colorectal cancer, hence the obesity effects were not explained by endogenous estrogen (6) .
Based on the bioactivities of adipokines, it is hypothesized that they are associated with colorectal cancer risk and hence may provide a link between obesity and disease. Although several 5 repository. Diagnosis of colorectal cancer was ascertained by annual self-administered questionnaires and confirmed through centralized review of medical records.
Study Subjects
This colorectal cancer study was part of a case-cohort study in which three cancer outcomes (breast, colorectum, and endometrium) were examined, and a representative subcohort served as the comparison group (6, 29, 30) . By June 2004, 496 women had developed an incident primary tumor of the colon or rectum after the first year of follow up. The International Classification of Diseases for Oncology codes included 153.0-153.4, 153.6-153.9, and 154.0-154.1. The majority of the cases were adenocarcinomas (96%). The subcohort was created by randomly sampling 892 subjects from the WHI-OS participants who had more than 12 months of follow-up and had no history of breast, colorectal, or endometrial cancer at 12 months, regardless of their cancer outcome thereafter. Seven of the selected subcohort subjects developed incident colorectal cancer subsequently, and these seven subjects were included in both the subcohort and case group. This unique feature of the case-cohort design was taken into consideration in data analyses described later. Ninety women taking diabetes treatment at baseline were excluded (39 cases and 51 subcohort), since these treatments may alter levels of the analytes under study. The final sample size included 457 colorectal cancer cases and 841 subcohort members (including seven colorectal cancer cases). There were 373 cases of colon cancer, 82 cases of rectosigmoid junction or rectal cancer, and 2 cases with unknown location of the cancer. 6 MN; inter-assay correlation of variation [CV] = 10%); PAI-1, adiponectin, and resistin by a multiplex assay (Milliplex Human Adipokine Panel A, Millipore, Billerica, MA; inter-assay CVs of 12%, 13%, and 12%, respectively); leptin, HGF, and TNF-α by another multiplex assay (Milliplex Human Adipokine Panel B, Millipore, Billerica, MA; inter-assay CVs of 9%, 12%, and 13%, respectively).
The inter-assay CVs were determined by including aliquots from four control samples in each of the 79 assay plates that were run over a two-month period by the same technician; for each control sample, CV of a particular analyte was calculated as (standard deviation ÷ mean) of analyte levels measured from the 79 aliquots. Average CVs of the four control samples are presented here. We previously measured and reported the results of fasting levels of serum insulin and estradiol in this study population (6) , and data for these two analytes were included in multivariable data analyses reported here. The assay methods for insulin and estradiol were described previously (6) . The intraclass correlation coefficients (ICC) of the seven adipokines as well as those for insulin and estradiol were published previously. Based on three plasma samples collected over a 3-year period in 17 healthy women, we estimated the ICCs (shown in parentheses) to be: resistin (0.95), HGF (0.91), PAI-1 (0.84), adiponectin (0.73), insulin (0.62), leptin (0.58), IL-6 (0.47), and TNF-α (0.39) (31), although a higher 3-year ICC for IL-6 (0.92) and TNF-α (0.88) had been reported in another study (32) . Based on repeated samples from 79 postmenopausal women in the Nurses' Health Study, the 3-year ICC for estradiol was calculated to be 0.68 (33) . These data suggest that a single measurement of circulating levels of the analytes under study in the baseline blood sample may reflect an individual's average levels over time.
Statistical Analyses
Research. 
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In univariable analyses, we first examined the prevalences of established colorectal cancer risk factors (e.g., smoking, alcohol consumption, and inflammatory bowel disease, etc.) in cases and subcohort subjects. We then evaluated, among the subcohort subjects, whether various risk factors for colorectal cancer were associated with levels of the seven adipokines using Wilcoxon rank sum tests. In addition, correlations among the analytes and waist circumference were estimated by Spearman rank correlation coefficients in the subcohort. Throughout this report, we used waist circumference to indicate adiposity, because it was a stronger risk factor for colorectal cancer than body mass index (BMI) (6) .
Multivariable analyses were done using Cox proportional hazard regression with robust variance estimation using the Self-Prentice method, which accounts for the case-cohort design in which cases may arise outside of or within the subcohort (34) . We first developed a base model that retained only the baseline covariates age (continuous), race (Whites vs. others), and risk factors that were significantly associated with colorectal cancer in multivariable analyses in our study population -smoking status (never, former, or current), ever had a colonoscopy, and estrogen level in four categories [serum estradiol in tertiles among women who were not using hormone therapy (<8, 8-13.9, or ≥14 pg/mL) or women using hormone therapy at baseline]. Waist circumference and insulin level were excluded from the base model initially and analyzed together with the adipokines as described below. Colorectal cancer risk factors that were not statistically significant in multivariable modeling were excluded from the base model (e.g., family history of colorectal cancer, physical activity, and history of colorectal polyps, etc.). We first assessed the hazard ratios for the association of each adipokine with colorectal cancer risk adjusting for the base model covariates. We then added waist circumference (continuous) and insulin level (continuous), which we previously reported to be linearly correlated with colorectal cancer risk (6) , separately into the model to examine whether the 8 adipokines had independent effects on colorectal cancer risk or their associations with colorectal cancer were partly explained by these two adiposity indicators. To ensure that these regression models with and without insulin and/or waist circumference had the same number of subjects and hence were comparable, we limited these analyses to individuals with complete data of the base model covariates, insulin, waist circumference, and the adipokine under analysis.
To account for the aggregate effect of multiple adipokines, an average adipokine score was computed by summing the quartile codings (0 to 3, where 3 = highest quartile) of non-missing adipokines and dividing by the number of adipokines. The coding for adiponectin was reversed (3 = lowest quartile) so that, similar to the other adipokines, the highest level was presumably associated with the greatest colorectal cancer risk. To avoid assuming any linear effect, all obesity-related analytes and the average adipokine score were categorized and analyzed in quartiles. Trend tests were performed by analyzing the quartile categories as a continuous variable in the regression model.
In mediation analyses, we examined if obesity-related analytes (adipokines and insulin) were mediators in the relationship between visceral adiposity, as indicated by waist circumference, and colorectal cancer. The hypothesized mediational process was as follows: waist circumference  obesity-related analyte  colorectal cancer. To qualify for a mediator, the obesity-related analyte needed to fulfill three conditions. (i) It was correlated with waist circumference. (ii) It was associated with colorectal cancer risk after adjusting for waist circumference. That is, the effects of the obesity-related analyte could not be explained by waist circumference, because the analyte was presumably the one with the biological functions. (iii) On the other hand, the effects of waist circumference on colorectal cancer were partially or totally explained by the obesity-related analyte [see review in (35) ]. Criteria (i) and (ii) were assessed by Spearman rank correlation coefficients and Cox proportional hazard regression, respectively, as described above. For condition (iii), we 
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quantified the extent of adiposity effects on cancer risk that could be explained by a potential mediator. We first entered waist circumference (continuous) into the base model and obtained the β coefficient for its association with colorectal cancer. An obesity-related analyte, which is a potential mediator, was then added into the model to obtain a β' for waist circumference adjusting for that particular analyte. Percent attenuation of β due to a particular analyte was calculated as 100 x (β-β')/β. The method of Freedman and Schatzkin was used to test the null hypothesis that β-β' = 0 (35, 36) . The caveat of the Freedman and Schatzkin method and all existing methods testing for mediation is that only one potential mediator can be statistically evaluated at a time.
All analyses were repeated after exclusion of cases with rectal cancer; the results were similar, and only data from the total study population are presented. P values shown are two-sided. Table 1 shows the baseline prevalence of the established risk factors for colorectal cancer in the 457 cases and 834 subcohort subjects without colorectal cancer. As compared to the subcohort subjects, cases had higher BMI and waist circumference, and the between group difference in waist circumference was more pronounced than that in BMI. Cases were less physically active, older, and more likely to be smokers than the subcohort subjects; they were less likely to have had a colonoscopy, have ever used oral contraceptives, and be a baseline hormone therapy user. Cases also had higher circulating levels of insulin and were more likely to have a medium level of estradiol than the subcohort subjects. In terms of the adipokines under study, cases had higher levels of leptin, PAI-1, HGF, and IL-6, but lower levels of adiponectin than the subcohort subjects (Table 1) .
RESULTS
We also examined how the adipokines were associated with demographic factors (age and race) as well as colorectal cancer risk factors. Detailed data are included in a Supplemental Table. 10 Briefly, adiposity was positively associated, whereas physical activity was negatively correlated, with levels of all adipokines except adiponectin, which showed associations in the opposite direction to those of the other analytes. Levels of most adipokines (adiponectin, resistin, HGF, TNF-α, and IL-6) increased with age. Hormone therapy was associated with decreased levels of leptin, PAI-1, resistin, HGF, TNF-α, and IL-6. Table 2 shows that the analytes under study tended to be positively correlated with each other and with adiposity as indicated by waist circumference, except for adiponectin, which had negative correlations with the other factors. Most of the correlations were of moderate strength. The strongest correlations among the analytes were observed between insulin and leptin (r = 0.58) and between insulin and adiponectin (r = -0.47). Leptin (r = 0.64) and insulin (r = 0.62) had the highest correlation with waist circumference as compared to the other adipokines.
The multivariable associations of the seven adipokines with colorectal cancer, after adjusting for age, race, smoking status, history of colonoscopy, and estrogen level in the base model, are shown in Table 3 . Plasma levels of resistin, HGF, and TNF-α were not associated with colorectal cancer.
Increased levels of adiponectin were inversely associated with colorectal cancer [hazard ratio comparing the highest versus lowest quartiles (HR Q4-Q1 ) = 0.65, 95% confidence interval (CI) = 0.45-0.94)], whereas levels of leptin, PAI-1, and IL-6, were positively associated with colorectal cancer risk (HR Q4-Q1 were 2.50, 1.87, and 1.41, respectively). After adjusting each adipokine for either insulin level or waist circumference in the base model (Table 3) , none of the analytes remained significantly associated with colorectal cancer risk, except for leptin (HR Q4-Q1 adjusted for insulin = 1.84, 95% CI = 1.17-2.90; HR Q4-Q1 adjusted for waist circumference = 1.76, 95% CI = 1.11-2.77).
Although the tests for linear trend were significant for leptin, the risk for colorectal cancer did not rise with each increasing quartile of leptin but tended to dip in the third quartile.
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To analyze all the analytes in the obesity pathway simultaneously, we entered leptin, the other six adipokines, and insulin into the base model (Table 4) . For the ease of data presentation, an average adipokine score was calculated to represent an individual's aggregate exposure to the six non-leptin adipokines. The average adipokine score excluded leptin, because our data so far indicated that the colorectal cancer association was distinct between leptin and the other six adipokines. By modeling them in two separate variables, we could examine whether the leptin effects were independent of all the other obesity-related analytes, and whether the other six adipokines aggregated together remained to have null effects. Table 4 shows that after accounting for the effects of other adipokines, leptin and insulin remained to be significant risk factors for colorectal cancer. Results were similar when the individual non-leptin adipokines categorized in quartiles, rather than the average adipokine score, were analyzed simultaneously; their associations with colorectal cancer remained null (data not shown).
To be a mediator in the relationship between visceral adiposity and colorectal cancer, an analyte needed to be (i) correlated with waist-circumference, (ii) associated with colorectal cancer in the presence of waist circumference in the multivariable model and, at the same time, (iii) able to attenuate the effect of waist circumference. For criterion (i), we showed in Table 2 
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reduction, p = 0.041) (Figure 1 ). When leptin and insulin were entered into the model simultaneously, the β coefficient of waist circumference (HR continuous = 1.01, 95% CI = 1.00 -1.03) decreased 50%, but this 50% reduction in β could not be assessed for statistical significance, since the statistical methods available so far could not be applied to multiple mediators.
DISCUSSION
Adipokine dysregulation may account, in part, for the association between obesity and colorectal cancer risk (3, 4) . Laboratory studies have demonstrated that certain adipokines produced by adipose tissue have carcinogenic potential. Adipokines may promote tumor growth by acting as mitogens for normal and neoplastic colon cells (leptin, IL-6, and TNF-α) and by inhibiting apoptosis (PAI-1, leptin, IL-6, and TNF-α) (8, 24, 25) . HGF, PAI-1, leptin, IL-6, and TNF-α appear to have proangiogenic activity and promote neovascularization of tumors (8, 27, 37) . HGF, PAI-1, IL-6, and TNF-α may be involved in tumor progression and metastasis through promotion of cell motility and invasion (8, 27, 37) . In addition, adipokines may induce production of other adipokines and regulate inflammatory responses and insulin sensitivity (5-7, 9, 10). For examples, the proinflammatory cytokines IL-6 and TNF-α induce leptin and PAI-1 production (38); in turn, leptin and resistin upregulate secretion of proinflammatory cytokines (38, 39); and hyperleptinemia, IL-6, and TNF-α all contribute to hyperinsulinemia and insulin resistance (40, 41). Adiponectin, on the other hand, may exert beneficial effects by inhibiting cell growth and angiogenesis, suppressing secretion of inflammatory cytokines, and improving insulin sensitivity (42, 43).
In this study, we found that increased colorectal cancer risk was associated with relatively high circulating levels of adipokines that are involved in proinflammatory responses (leptin, IL-6, and PAI-1), whereas the anti-inflammatory adiponectin was inversely associated with risk. These 13 observations are consistent with the idea that colorectal cancer is an inflammation-associated disease.
However, the hazard ratios for all of these adipokines were attenuated, and only leptin remained significant, after adjusting for insulin, suggesting that their effects on colorectal cancer risk are partly explained by insulin. Indeed, in mediation analyses examining insulin as a mediator in the relationships between these adipokines and colorectal cancer risk, we found that insulin significantly attenuated the β coefficient comparing the highest versus lowest quartiles (β Q4-Q1 ) by 33% for leptin (p = 0.018), 51% for PAI-1 (p < 0.001), 86% for adiponectin (p < 0.001), and 90% for IL-6 (p < 0.001). Given that inflammation induces insulin resistance (40), and a high level of insulin is a risk factor for colorectal cancer (6, 7), it is reasonable to infer that hyperinsulinemia may mediate the relationship between inflammation and the development of colorectal cancer as illustrated in Figure 2 .
Leptin was the only adipokine associated with colorectal cancer risk in this study after adjustment for insulin, proinflammatory cytokines (IL-6 and TNF-α), and the other adipokines (adiponectin, PAI-1, resistin, and HGF) under study. This suggests that hyperleptinemia may have independent effects on the development of colorectal cancer not simply explained by other inflammatory factors or insulin (Figure 2 ). In addition, our data from mediation analyses suggest that hyperinsulinemia and hyperleptinemia may partly mediate the association between adiposity and colorectal cancer ( Figure   2 ). Nevertheless, other mediating factors in the obesity pathway remain to be identified.
Of the previous studies, only a handful of prospective studies have examined the effects of adipokines on colorectal cancer risk. The results for IL-6 in three studies and for TNF-α in one study were null (16, 17) . Three prospective studies on circulating adiponectin levels had inconsistent results (18) (19) (20) 44) . Three of four studies on leptin found a positive association with colorectal cancer, and two of these studies adjusted for both BMI and insulin (20) (21) (22) (23) . Unlike our data, none of these previous prospective studies considered simultaneously the effects of various components in the obesity pathway -adipokines, inflammation, and insulin. One cross-sectional study on colorectal adenoma reported a synergistic interaction between low levels of adiponectin and high levels of leptin after adjusting for BMI (45), but no interaction among the adipokines and insulin was observed in our study. Future studies are needed to confirm our findings. If leptin is confirmed to be an independent risk factor for colorectal cancer, intervention studies to reduce leptin levels may be warranted.
Our study has several limitations. Our results are not necessarily generalizable to men or to pre-menopausal women. In addition, inferences of the mediation analyses were partly based on cross-sectional data. The test for mediating effects assumed a series of events from increased adiposity to subsequent high levels of adipokines and to eventual development of colorectal cancer.
However, both adiposity and adipokines were measured cross-sectionally at baseline. As such, inferences of mediation analyses were based on the totality of our data and knowledge about the biological relationships among adiposity, adipokines, and carcinogenesis, while a temporal sequence of the first two events prior to cancer diagnosis was not established. Finally, the circulating levels of adipokines may not precisely reflect an individual's true exposure to adipokines. Such imprecision could be attributed to several factors. (i) The multiplex assays for adipokines tend to have inter-assay CVs greater than 10%. (ii) Although the ICCs of the adipokines under study are reasonable for largescale epidemiologic studies, using a single measurement of adipokine levels at baseline would inevitably be imprecise. Misclassification of adipokine levels due to these two factors, if nondifferential between cases and the subcohort, may have biased the results towards null. (iii) For adipokines that are also produced by mononuclear phagocytes (e.g., IL-6, TNF-α, and resistin), their levels in tissue as well as in the tumor microenvironment could be more relevant for tumor initiation and growth than their low circulating levels (8) . (iv) The total levels of adiponectin, resistin, and PAI-1 were measured rather than their bioactive forms (27, 39, 46 
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In summary, adipokines that are involved in inflammatory processes (a low level of adiponectin and high levels of IL-6, leptin, and PAI-1) are associated with risk of colorectal cancer, but their effects may be mediated through hyperinsulinemia. The exception is leptin, which appears to have its own independent effects. Hyperinsulinemia and hyperleptinemia may partially explain the association between obesity and colorectal cancer risk in postmenopausal women.
